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Introduction {#sec001}
============

Long Term Evolution (LTE)-Advanced is one of the systems that proposed to reach and even surpass the requirements on International Mobile Telecommunications-Advanced (IMT-Advanced) systems, as being defined by International Telecommunication Union- Radio section (ITU-R) \[[@pone.0136912.ref001]\]. LTE-Advanced system (release 10 and beyond) \[[@pone.0136912.ref002]\] is standardized by the 3^rd^ Generation Partnership Project (3GPP) developed from Evolved Universal Terrestrial Radio Access (E-UTRA) series. LTE-Advanced uses carrier aggregation of multiple component carriers of Orthogonal Frequency Division Multiplexing (OFDM) technique to achieve high bandwidth transmission \[[@pone.0136912.ref003]\]. This technique is supposed to support high data rate of 100 Mbit/s and 1 Gbit/s for high and low mobility, respectively, within a wide range of frequency bands \[[@pone.0136912.ref004], [@pone.0136912.ref005]\].

In the very near future, one of the challenges that will face mobile and wireless network is spectrum shortage, where a number of large mobile wireless service providers, such as AT&T, Verizon and Sprint, state that they may not have enough spectrum to meet the mobile demands in the next few years \[[@pone.0136912.ref006]\]. Due to the increasing demand for more wireless bandwidth, frequency bands used by old legacy systems have been reassigned by regulatory bodies \[[@pone.0136912.ref007]\]. For example, the Ultra High Frequency (UHF) band, 470--862 MHz, is recently used by broadcasting services. On the other hand, in the World Radiocommunication Conferences, WRC-07 and WRC-12, sub-bands within UHF band, such as 790--862 MHz, have been allocated on co-primary operation for IMT systems which include 3G (IMT-2000) and 4G (IMT-Advanced) mobile cellular systems. The concurrent operation of the sub-band 790--862 by both analogue Frequency Modulation (FM) broadcasting service and LTE-Advanced system may create harmful inter-system interference which can impair the performance of the two systems \[[@pone.0136912.ref008]\]. Therefore, spectrum sharing studies should be carrying out to investigate the influence of interference from LTE-Advanced on FM broadcasting service.

In this work, we present a new interference modeling method to study the influence of LTE-Advanced interference on FM broadcasting service. We propose this method due to that the approximate-interference signal power attenuation (ISPA) method \[[@pone.0136912.ref009], [@pone.0136912.ref010]\] uses approximation calculations of LTE-Advanced interference power into FM service which causes overestimation of the interference. In contrast, this proposed method is more accurate than the existing schemes \[[@pone.0136912.ref009]--[@pone.0136912.ref012]\] as it takes into account realistic shapes of the interferer and victim signals. This removes a source of overestimation of the interference and allows reducing the separation distance between the two systems, which eventually supports efficient use of the radio frequency spectrum.

The conventional method used to study coexistence between dissimilar systems, minimum coupling loss (MCL) method \[[@pone.0136912.ref013]\], employs spectral emission mask for the transmitter to determine the maximum interference power (Imax), at each frequency offset in order to decide coexistence visibility. However, the ISPA method uses bandwidth overlap factor which is computed by multiplying of PSD of the transmitter and PSD of the receiver to investigate coexistence situation \[[@pone.0136912.ref011], [@pone.0136912.ref012], [@pone.0136912.ref014]--[@pone.0136912.ref015]\]. The result of the bandwidth overlapping factor is a spectral emission mask but it considers PSD of both the transmitter and the receiver \[[@pone.0136912.ref010]\]. In this method the size of overlapping area between the interferer and the victim plays an important role in estimating the power loss due to overlapping. In addition, the shape of the receiver PSD determines the size of overlapping area between the two systems. For example, if there are receiver-A with rectangular PSD and receiver-B with triangular PSD and both of them use the same bandwidth, then the size of overlapping area with receiver-A will be larger than that of receiver-B, due to that the area is obtained according to the shape of the receiver PSD. Specifically, when the size of overlapping area between two systems is large the receiver will suffer from high interference power and this is maximum when the carrier frequency of the two systems is identical because the interference power loss is small, and vice versa.

The main contributions of this paper are listed as follows. (i) We model the inter-system interference between OFDM-based LTE-Advanced and FM broadcast systems depending on realistic power spectral density (PSD) shapes of the interferer and victim systems, (ii) we derive a new closed-form for the interfering signal power attenuation (ISPA) which can more exact evaluate interference caused by LTE-Advanced system into FM service than other schemes, and (iii) we investigate, through extensive analysis, performance results of the proposed scheme against previously methods, including co-channel and adjacent channel scenarios, and propose some mechanisms to improve coexistence between the two systems.

The rest of this paper is organized as follows. We present related work in the 2^nd^ section. In the third section, the proposed ISPA method is mathematically derived in a closed-form. The 4^th^ section presents the simulation assumption for spectrum sharing study. Numerical results, discussion and analysis are addressed in the 5^th^ section. Conclusion remarks are finally shown in the last section.

Related Work {#sec002}
============

In general, interference in wireless communication can be broadly classified into co-channel (operating in the same frequency channel) and adjacent channel \[[@pone.0136912.ref016]\]. In addition, wireless system coexistence issue, due to interference, can be within one wireless system (intra-system interference) \[[@pone.0136912.ref017]--[@pone.0136912.ref019]\] or between different systems (inter-system interference) \[[@pone.0136912.ref016]\]. There are several statistical and deterministic approaches have been proposed to study and analyse coexistence and spectrum sharing between dissimilar wireless communication systems. The most well-known statistical approach for spectrum sharing studies is the Monte Carlo method which is being now used by European Communications Office to develop the Spectrum Engineering Advanced Monte Carlo Analysis Tool (SEAMCAT) software \[[@pone.0136912.ref013]\]. Whereas, the main common deterministic method used for spectrum sharing investigation purpose is the Minimum Coupling Loss (MCL) \[[@pone.0136912.ref013]\].

Due to MCL approach limitation, another method called Advanced-MCL (A-MCL) approach has been proposed by \[[@pone.0136912.ref011], [@pone.0136912.ref012]\]. However, A-MCL is not suitable for studying the interference from OFDM-based systems into Frequency Modulation (FM) broadcasting service that has a triangular power spectral density (PSD) shape \[[@pone.0136912.ref009], [@pone.0136912.ref010], [@pone.0136912.ref020], [@pone.0136912.ref021]\]. Therefore, the approximate-interference signal power attenuation (ISPA) method is derived by \[[@pone.0136912.ref009], [@pone.0136912.ref010]\] to evaluate interference from IMT-Advanced systems to FM broadcasting. Authors in \[[@pone.0136912.ref009], [@pone.0136912.ref010]\] have calculated interference power attenuation loss as an approximation value by assuming the summation of an equal three rectangular overlapping areas of PSD minus the non overlapping ones, which does not really express the exact bandwidth overlapping ratio.

However, In this paper and based on \[[@pone.0136912.ref009], [@pone.0136912.ref010]\], we propose a new closed-form expression which can evaluate exact ISPA loss due to overlapping of PSD of OFDM-based LTE-Advanced systems (as an interferer) and PSD of FM broadcasting service (as a victim). In this approach, the interference power loss or overlapping bandwidth ratio is computed by an integration of the combined received OFDM PSD over the real shape [bandwidth](http://www.agi.com/resources/help/online/source/extfile/comm/autoTrackScale.htm) (triangular) of receiver, and then the result of integration is divided by the full amount of power in the transmitter PSD. The process we use to calculate the integration in this paper, instead of assuming equal rectangular overlapping areas (approximate method) in \[[@pone.0136912.ref009], [@pone.0136912.ref010]\], determines the real resulting interference area which is more less than that obtained by \[[@pone.0136912.ref009], [@pone.0136912.ref010]\]. This leads to the fact that the interference power loss is higher which means less effect of LTE-Advanced interference. Therefore, the resulting closed-form derived by the proposed scheme can more exact evaluate interference caused by LTE-Advanced system into FM broadcasting service than other methods.

The Proposed ISPA Method {#sec003}
========================

For spectrum sharing analysis purpose, evaluation of coexistence feasibility needs to use one of standard protection criteria or thresholds that have been suggested by international regulator bodies, such as the ITU-R, Institute of Electrical and Electronics Engineers (IEEE) or European Conference of Postal and Telecommunications Administrations (CEPT), etc. The maximum allowable interference power (*I*~*max*~) at the antenna of an interfered victim receiver is proposed in this paper as a standard criteria \[[@pone.0136912.ref020], [@pone.0136912.ref022]--[@pone.0136912.ref024]\]. Therefore, once the interferer system (LTE-Advanced) operates concurrently with the intefered system (FM broadcasting receiver) the essential minimum value of attenuation loss (*L*~*ma*~), in dB, can be described by: $$L_{ma} = P_{t} + G_{t} + G_{r} + L_{a} - I_{max}$$ where *P*~*t*~(dBW) is the transmit power of the LTE-Advanced system in the reference bandwidth, *G*~*t*~(dBi) is the LTE-Advanced transmitter antenna gain, and *G*~*r*~(dBi) is the victim FM broadcasting receiver antenna gain. The interfering signal power attenuation (ISPA) is denoted by *L*~*a*~.

The resulting ISPA loss for the LTE-Advanced interfering system can be derived through a PSD analysis of the OFDM signals in this approach. The PSD of the analogue FM broadcasting system has a shape that is a triangle as [Eq (2)](#pone.0136912.e002){ref-type="disp-formula"} shows. $$S_{FM}\left( f \right) = \frac{2P_{FM}}{W_{FM}}\text{tri}\left( \frac{2f}{W_{FM}} \right)$$ where tri (∙) represents the FM broadcasting triangular function, *P*~*FM*~ is the transmit power and *W*~*FM*~ is bandwidth of FM broadcasting system. Assuming that OFDM-based LTE-Advanced system has *M* subcarriers, the PSD of the OFDM signal is a rectangular pulse shape and can be expressed as \[[@pone.0136912.ref011], [@pone.0136912.ref012]\]. $$S_{LTE - A}\left( f \right) = \sum\limits_{i = 0}^{M - 1}\frac{P_{LTE - A}}{R_{LTE - A}}\text{sinc}^{2}\left( {\frac{f}{R_{LTE - A}} - i} \right)$$ where each OFDM subcarrier has a power of *P*~*LTE*−*A*~, and *R*~*LTE*−*A*~ is the spacing between each two subcarriers. The function sinc(*x*) is equivalent to sin*(πx)/πx*. Because that LTE-Advanced system will support, at least, high data rates (100 Mbps-1Gbps), these rates have need of high bandwidth. This again means that bandwidth of LTE-Advanced system (*W*~*LTE-A*~) will be often (if not always) greater than that of FM Broadcasting service (*W*~*FM*~). Therefore, the colored area in [Fig 1](#pone.0136912.g001){ref-type="fig"} shows the spectrum overlapping of the PSD of OFDM-based LTE-Advanced and PSD of FM broadcasting systems, where the *W*~*LTE_A*~, is assumed to be always greater than *W*~*FM*~.

![The spectrum sharing model due to overlapping of PSD of OFDM-based LTE-Advanced system and FM broadcasting system.](pone.0136912.g001){#pone.0136912.g001}

The ISPA can be calculated by an integration of the combined PSD that is received over the receiver's [bandwidth](http://www.agi.com/resources/help/online/source/extfile/comm/autoTrackScale.htm). Then, the result of integration is divided by the total power in the PSD of transmitter. Thus, the three colored overlapping areas (*q*-*x*, *x*-*y* and *y*-*z*) shown in [Fig 1](#pone.0136912.g001){ref-type="fig"} can be expressed as [Eq (4)](#pone.0136912.e004){ref-type="disp-formula"}. $$L_{a} = 10\mspace{180mu}\text{log}\left( \frac{\int_{\text{q}}^{\text{x}}A_{1}\left( f \right)df + \int_{\text{x}}^{\text{y}}A_{2}\left( f \right)df + \int_{\text{y}}^{\text{z}}A_{3}\left( f \right)df}{P_{t}} \right)$$ where *A*~1~(*f*), *A*~2~(*f*), and *A*~3~(*f*) are the overlapping areas between PSD for LTE-A and FM systems. These areas are obtaining by integrating the combined PSD that is received over the FM receiver's bandwidth. The area of *A*~1~(*f*) can be expressed by multiplying the straight line *qx* and PSD of LTE-A denoted by *S*~*LTE*−*A*~(*f*) as follows: $$A_{1}\left( f \right) = C_{qx}S_{LTE - A}\left( f \right)$$ where *C*~*qx*~ = *C*~1~*f* + *C*~2~ is the straight line equation with *C*~1~ and *C*~2~ parameters, and *S*~*LTE*−*A*~(*f*) is defined in [Eq (3)](#pone.0136912.e003){ref-type="disp-formula"}. So, *A*~1~(*f*) can be written as $$A_{1}\left( f \right) = \left( {C_{1}f + C_{2}} \right)S_{LTE - A}\left( f \right).$$

To calculate the parameters *C*~1~ and *C*~2~, we must determine the corresponding values for the points *q*, *x*, *y*, and *z* in terms of FM bandwidth, *W*~*FM*~. From [Fig 1](#pone.0136912.g001){ref-type="fig"}, it is clear that the points *q* and *z* are equal to $\frac{- W_{FM}}{2}$ and $\frac{W_{FM}}{2}$ from the FM center bandwidth, respectively. Whereas, the points *x* and *y*, in reality, depend on the height of the triangle which in turn depends on the power of the FM transmission and the bandwidth *W*~*FM*~ in addition to the height of the LTE-A spectrum, i.e., the PSD *P*~*LTE*−*A*~. Due to the fact that the FM TV transmitter power, *P*~*FM*~, is much higher than that of the LTE-A system, *P*~*LTE*−*A*~, based on the Federal Communications Commission (FCC) and ITU-R regulations in the UHF bands, the FM spectrum is expected to be taller than the LTE-A spectrum, i.e., *P*~*FM*~ \> *P*~*LTE*−*A*~, as depicted in [Fig 1](#pone.0136912.g001){ref-type="fig"}. For simplification of mathematical analysis, the points *x* and *y* are assumed to be mid-way between the center of the FM spectrum and its two edges, i.e., they are corresponding to $\frac{- W_{FM}}{4}$ and $\frac{W_{FM}}{4}$ respectively, relative to center of the FM spectrum.

Consequently, the parameter *C*~1~ (or the slop) can be calculated as follows: $$C_{1} = \frac{P_{LTE - A}}{\frac{W_{FM}}{4}} = \frac{4P_{LTE - A}}{W_{FM}}.$$

To obtain *C*~2~, we use the equation above: *C*~*qx*~ = *C*~1~*f* + *C*~2~ = 0, thus $$C_{2} = - C_{1}f = - C_{1}\left( {f_{c} - \frac{W_{FM}}{2}} \right) = C_{1}\left( {\frac{W_{FM}}{2} - f_{c}} \right)$$ $$= \frac{4P_{LTE - A}}{W_{FM}}\left( {\frac{W_{FM}}{2} - f_{c}} \right).$$

Similarly, *A*~2~(*f*) and *A*~3~(*f*) are obtained in the same way, as follows: $$A_{2}\left( f \right) = C_{xy}S_{LTE - A}\left( f \right) = P_{LTE - A}S_{LTE - A}\left( f \right)$$ where *C*~*xy*~ = *P*~*LTE*−*A*~ $$A_{3}\left( f \right) = C_{yz}S_{LTE - A}\left( f \right)$$ $$A_{3}\left( f \right) = \left( {- C_{1}f + C_{3}} \right)S_{LTE - A}\left( f \right).$$

To obtain *C*~3~, we use the equation above: *C*~*yz*~ = −*C*~1~*f* + *C*~3~ = 0, thus $$C_{3} = C_{1}f = C_{1}\left( {f_{c} + \frac{W_{FM}}{2}} \right)$$ where *fc* is the center frequency of the victim receiver. The points *q*, *x*, *y*, and *z* in [Fig 1](#pone.0136912.g001){ref-type="fig"} determine the overlapping area between OFDM's PSD and FM's PSD, and these points represent *f*~*c*~−(*W*~*FM*~/2), *f*~*c*~−(*W*~*FM*~/4), *f*~*c*~+(*W*~*FM*~/4) and *f*~*c*~+(*W*~*FM*~/2), respectively.

The [Eq (4)](#pone.0136912.e004){ref-type="disp-formula"} is further simplified using trigonometric functions powers and MacLaurine series in \[[@pone.0136912.ref025]\], so we can find that *u* = *π*(*f*/*R*~*LTE*−*A*~ − *i*), *h*~1~ = (*f*~*c*~/*R*~*LTE*−*A*~)(*W*~*FM*~/2*R*~*LTE*−*A*~), *h*~2~ = (*f*~*c*~/*R*~*LTE*−*A*~)(*W*~*FM*~/4*R*~*LTE*−*A*~), *h*~3~ = (*f*~*c*~/*R*~*LTE*−*A*~) + (*W*~*FM*~/4*R*~*LTE*−*A*~), and *h*~4~ = (*f*~*c*~/*R*~*LTE*−*A*~) + (*W*~*FM*~/2*R*~*LTE*−*A*~).

From [(2)](#pone.0136912.e002){ref-type="disp-formula"}--[(4)](#pone.0136912.e004){ref-type="disp-formula"} $$\int\limits_{\text{q}}^{\text{x}}A_{1}\left( f \right)df = \int\limits_{\text{q}}^{\text{x}}\left( {C_{1}f + C_{2}} \right)\sum\limits_{i = 0}^{M - 1}\frac{P_{LTE - A}}{\pi}\frac{\text{sinc}^{2}\left\lbrack {\pi\left( {f/R_{LTE - A} - i} \right)} \right\rbrack}{\pi\left( {f/R_{LTE - A} - i} \right)^{2}}df$$ $$= \sum\limits_{i = 0}^{M - 1}\frac{P_{LTE - A}}{\pi}\left\lbrack {C_{1}\frac{R_{LTE - A}}{\pi}\int\limits_{\text{q}}^{\text{x}}\frac{\text{sin}^{2}u}{u}du + \left( {C_{1}iR_{LTE - A} + C_{2}} \right)\int\limits_{\text{q}}^{\text{x}}\frac{\text{sin}^{2}u}{u^{2}}du} \right\rbrack.$$

Then, by using trigonometric functions, sin^2^(*x*) = (1-cos(2*x*))/2, the integral in [Eq (5)](#pone.0136912.e019){ref-type="disp-formula"} can be evaluated using Eqs ([6](#pone.0136912.e020){ref-type="disp-formula"}) and ([7](#pone.0136912.e021){ref-type="disp-formula"}), where $$\int\limits_{a}^{b}\frac{\text{sin}^{2}u}{u}du = \frac{1}{2}\int\limits_{a}^{b}\frac{1 - \text{cos}2u}{u}du = \frac{1}{2}\left\lbrack {\int\limits_{a}^{b}\frac{1}{u}du - \int\limits_{a}^{b}\frac{\text{cos}2u}{u}du} \right\rbrack$$ $$\int\limits_{a}^{b}\frac{\text{sin}^{2}u}{u^{2}}du = \frac{1}{2}\int\limits_{a}^{b}\frac{1 - \text{cos}2u}{u^{2}}du = \frac{1}{2}\left\lbrack {\int\limits_{a}^{b}\frac{1}{u^{2}}du - \int\limits_{a}^{b}\frac{\text{cos}2u}{u^{2}}du} \right\rbrack.$$

Using $\int\limits_{a}^{b}\frac{1}{u}du = \text{ln}\left( b \right) - \text{ln}\left( a \right),\ \int\limits_{a}^{b}\frac{1}{u^{2}}du = \frac{1}{a} - \frac{1}{b},$ and MacLaurinew series in \[[@pone.0136912.ref025]\] $$\int\limits_{a}^{b}\frac{\text{cos}2u}{u}du = \text{ln}\left( b \right) + \sum\limits_{k = 1}^{\infty}\left( {- 1} \right)^{k}\frac{\left( {2\text{b}} \right)^{2k}}{2k\left( {2k} \right)!} - \left\lbrack {\text{ln}\left( b \right) + \sum\limits_{k = 1}^{\infty}\left( {- 1} \right)^{k}\frac{\left( {2\text{a}} \right)^{2k}}{2k\left( {2k} \right)!}} \right\rbrack$$ $$\int\limits_{a}^{b}\frac{\text{cos}2u}{u^{2}}du = \frac{\text{cos}2a}{a} - \frac{\text{cos}2b}{b} - 2\int\limits_{a}^{b}\frac{\text{sin}2u}{u^{2}}du$$ $$\int\limits_{a}^{b}\frac{\text{sin}2u}{u^{2}}du = \ \sum\limits_{k = 1}^{\infty}\frac{\left( {- 1} \right)^{k - 1}}{\left( {2k - 1} \right)\left( {2k - 1} \right)!} \times \left\lbrack {\left( {2b} \right)^{2k - 1} - \ \left( {2a} \right)^{2k - 1}} \right\rbrack.$$

Therefore, employing Eqs ([8](#pone.0136912.e023){ref-type="disp-formula"}), ([9](#pone.0136912.e024){ref-type="disp-formula"}) and ([10](#pone.0136912.e025){ref-type="disp-formula"}), both Eqs ([6](#pone.0136912.e020){ref-type="disp-formula"}) and ([7](#pone.0136912.e021){ref-type="disp-formula"}) can be written as Eqs ([11](#pone.0136912.e026){ref-type="disp-formula"}) and ([12](#pone.0136912.e027){ref-type="disp-formula"}), respectively, $$\int\limits_{a}^{b}\frac{\text{sin}^{2}u}{u}du = \frac{1}{2}\sum\limits_{k = 1}^{\infty}\left( {- 1} \right)^{k}\frac{\left( {2a} \right)^{2k} - \left( {2\text{b}} \right)^{2k}}{2k\left( {2k} \right)!}$$ $$\int\limits_{a}^{b}\frac{\text{sin}^{2}u}{u^{2}}du = \frac{1}{2}\left\lbrack {\frac{1}{a} - \frac{1}{b} - \frac{\text{cos}2a}{a} + \frac{\text{cos}2b}{b} + 2\sum\limits_{k = 1}^{\infty}\frac{\left( {- 1} \right)^{k - 1}\left\lbrack {\left( {2b} \right)^{2k - 1} - \ \left( {2a} \right)^{2k - 1}} \right\rbrack}{\left( {2k - 1} \right)\left( {2k - 1} \right)!}} \right\rbrack.$$

Employing Eqs ([11](#pone.0136912.e026){ref-type="disp-formula"}) and ([12](#pone.0136912.e027){ref-type="disp-formula"}), [Eq (5)](#pone.0136912.e019){ref-type="disp-formula"} can be represented as [Eq (13)](#pone.0136912.e028){ref-type="disp-formula"} $$\begin{array}{l}
{\int_{\text{q}}^{\text{x}}{A_{1}\left( f \right) = \sum\limits_{i = 0}^{M - 1}\frac{P_{LTE - A}}{2\pi}\left\{ {\frac{C_{1\ }R_{LTE - A}}{\pi}\left\lbrack {\sum\limits_{k = 1}^{\infty}\frac{\left( {- 1} \right)^{k}\left\lbrack {\left( {2\pi\left( {h_{1} - i} \right)} \right)^{2k} - \left( {2\pi\left( {h_{2} - i} \right)} \right)^{2k}} \right\rbrack}{\left( {2k} \right)\left( {2k} \right)!}} \right\rbrack} \right.}} \\
{+ \left\lbrack {C_{1}R_{LTE - A}i + C_{2}} \right\rbrack\left\lbrack {\frac{1}{\pi\left( {h_{1} - i} \right)} - \frac{1}{\pi\left( {h_{2} - i} \right)} - \frac{\text{cos}2\pi\left( {h_{1} - i} \right)}{\pi\left( {h_{1} - i} \right)} + \frac{\text{cos}2\pi\left( {h_{2} - i} \right)}{\pi\left( {h_{2} - i} \right)}} \right.} \\
{+ 2\sum\limits_{k = 1}^{\infty}\left. \left. \frac{\left( {- 1} \right)^{k - 1}\left\lbrack {\left( {2\pi\left( {h_{2} - i} \right)} \right)^{2k - 1} - \left( {2\pi\left( {h_{1} - i} \right)} \right)^{2k - 1}} \right\rbrack}{\left( {2k - 1} \right)\left( {2k - 1} \right)!} \right\rbrack \right\} = Y_{1}} \\
\end{array}$$

Similarly, the integration for *A*~2~(*f*)*df* and *A*~3~(*f*)*df* can be expressed by Eqs ([14](#pone.0136912.e029){ref-type="disp-formula"}) and ([15](#pone.0136912.e030){ref-type="disp-formula"}).
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Therefore, the ISPA loss, in dB, can be written as [Eq (16)](#pone.0136912.e031){ref-type="disp-formula"}.

![](pone.0136912.e031.jpg){#pone.0136912.e031g}

L

a

=

10

log

\[

Y

1

\+

Y

2

\+

Y

3

P

t

\]

.

The infinite series terms in Eqs ([13](#pone.0136912.e028){ref-type="disp-formula"}), ([14](#pone.0136912.e029){ref-type="disp-formula"}) and ([15](#pone.0136912.e030){ref-type="disp-formula"}) are convergent and the Test Ratio method can be used to verify the convergence as shown in the appendix.

Assumptions and Coexistence Parameters {#sec004}
======================================

According to \[[@pone.0136912.ref009], [@pone.0136912.ref010]\], it is assumed that LTE-Advanced system employs cellular OFDM/OFDMA technology and uses the duplexing mode, TDD. For FM TV receiver, the maximum allowable interference power (*I*~*max*~) is -146 dBW/6 MHz \[[@pone.0136912.ref009], [@pone.0136912.ref010]\] which is calculated based on the interference to noise ratio (*I*/*N*), *I*/*N* = −10 dB for co-primary spectrum sharing operation \[[@pone.0136912.ref022]--[@pone.0136912.ref024]\]. Where, the noise floor for FM TV receiver is -106 dBm \[[@pone.0136912.ref026]\], thus *I* = *N* +(−10) = −106−10 = −116 dBm. For consistency, this unit should be expressed in dBW instead of dBm according to the formula: Power (dBW) = Power (dBm) − 30 dB = −146 dBW/6 MHz. This value has been also considered in \[[@pone.0136912.ref009], [@pone.0136912.ref010]\]. LTE-Advanced system may employ base stations with a sectored antennas assumed to radiate at a center frequency of 800 MHz, whereas FM TV receiver uses a directional antenna \[[@pone.0136912.ref027]\]. In link budget, for most studied scenarios radiation pattern of antennas is not considered excepting for the maximum gain, and they are assumed to be omnidirectional antennas so that the worst condition scenarios can be investigated. However, LTE-Advanced antenna pattern \[[@pone.0136912.ref028]\] is considered in one case. For spectrum sharing situation, as approved by ITU-R \[[@pone.0136912.ref029]\], channel fading effect of the signal is assumed to be consisted of free space loss (*L*~*fs*~) plus the effect of clutter loss (*A*~*h*~) model. This propagation model has been considered in many coexistence and spectrum sharing studies according to ITU-R \[[@pone.0136912.ref029]\]. Additionally, losses of 20 and 50 dB created by discrimination of antennas, (*A*~*D*~), are taken into account. The minimum value of attenuation loss, denoted by *L*~*ma*~, as in [Eq (1)](#pone.0136912.e001){ref-type="disp-formula"}, can be translated into a geographical separation, that is the minimum separation distance, *d*, by manipulating the total propagation loss, *L*~*t*~, as follows: $$L_{ma} = P_{t} + G_{t} + G_{r} + L_{a} - I_{max} = L_{t}$$ where the total propagation loss is $$L_{t} = L_{fs} + A_{h} + A_{D}$$ $$L_{fs} = 32.5 + 20\mspace{180mu}\text{log}\left( {f = 800~\text{MHz}} \right) + 20\mspace{180mu}\text{log}\left( d \right)$$ thus $$L_{ma} = P_{t} + G_{t} + G_{r} + L_{a} - I_{max} - \left( {32.5 + 20\mspace{180mu}\text{log}\left( 800 \right) + 20\mspace{180mu}\text{log}\left( d \right) + A_{h} + A_{D}} \right)$$

Therefore, the minimum separation distance can be expressed as follows $$d = 10^{({P_{t} + G_{t} + G_{r} + L_{a} - I_{max} - {({32.5 + 20\mspace{180mu}\text{log}{(800)} + A_{h} + A_{D}})}/20})}$$

channel fading effect of the signal is assumed to be consisted of free space loss plus the effect of clutter loss model \[[@pone.0136912.ref030]\]. Additionally, losses of 20 and 50 dB created by discrimination of antennas are taken into account. Due to that IMT-Advanced systems support high data rates, high bandwidth is necessary. Therefore, in [Fig 1](#pone.0136912.g001){ref-type="fig"} the bandwidth of OFDM-based LTE-Advanced, *W*~*LTE_A*~, is assumed to be always greater than that of FM television, *W*~*FM*~. The spectrum sharing parameters for OFDM-based LTE-Advanced and FM TV receiver are displayed in [Table 1](#pone.0136912.t001){ref-type="table"}.

10.1371/journal.pone.0136912.t001

###### The parameters of coexistence between OFDM-based LTE-Advanced and FM Broadcasting \[[@pone.0136912.ref009], [@pone.0136912.ref010], [@pone.0136912.ref027]--[@pone.0136912.ref031]\].

![](pone.0136912.t001){#pone.0136912.t001g}

  Parameter                                                                       Value
  ------------------------------------------------------------------------------- -------------------
  Carrier frequency (*f*~*c*~)                                                    0.8 GHz
  LTE-Advanced base station transmitted power (*P*~*t*~)                          0--15 dBW
  OFDM subcarrier frequency spacing (*R*~*LTE*−*A*~)                              10.24 kHz
  No. of OFDM subcarriers (*M*)                                                   1024
  OFDM subcarrier power (*P*~*LTE*−*A*~ *= P*~*t*~*/M*)                           (*P*~*t*~/1024) W
  OFDM channel bandwidth (*W*~*LTE-A*~ *= R*~*LTE*−*A*~×*M*)                      10.48576 MHz
  FM receiver bandwidth (*W*~*FM*~)                                               6 MHz
  LTE-Advanced transmitter antenna gain (*G*~*t*~)                                14.5 dBi
  LTE-Advanced transmitter antenna height                                         30 m
  FM receiver antenna gain (*G*~*r*~)                                             12 dBi
  FM receiver antenna height                                                      10 m
  FM receiver noise floor (*N*)                                                   -106 dBm
  *I/N* ratio at FM broadcasting receiver                                         -10 dB
  Maximum permissible interference power (co-primary operation, *I/N =* -10 dB)   -146 (dBW/6 MHz)
  Clutter loss (*A*~*h*~)                                                         20 dB

Numerical Results and Coexisting Analysis {#sec005}
=========================================

In this study, the results are based on assumption presented in the previous section. [Fig 2](#pone.0136912.g002){ref-type="fig"} shows the outperformance of the proposed scheme over other methods, where ISPA loss is depicted for the proposed scheme and both A-MCL and approximate-ISPA methods at co-channel frequency, for a range of channel bandwidths (1--6 MHz) of the interfered system. It can be noted that the loss in interference power by the proposed ISPA scheme at bandwidth of TV receiver of 6 MHz is 5.1 dB and it is higher than that obtained by the A-MCL and approximate methods which they achieve 2.3 and 3.6 dB, accordingly. Additionally, we can clearly see that as bandwidth of the victim system decreases the resulting loss goes up to higher levels. It is worth noting that the proposed scheme suffers from the highest losses. This scenario is really true because that as bandwidth of the recevier increases the overlapping area with interferer system also increases and this leads to make interference power higher. Whereas, if the bandwidth of the receiver is small the overlapping bandwidth ratio will be also small and thus the level of interference power comes to the victim system with lower value.

![The interfering power loss versus different bandwidth of victim system at co-channel for the proposed ISPA, approximate ISPA, and A-MCL methods.](pone.0136912.g002){#pone.0136912.g002}

As an advantage for the proposed scheme, [Fig 3](#pone.0136912.g003){ref-type="fig"} displays the required minimum physical distance versus transmit power of an LTE-Advanced system. [Fig 3](#pone.0136912.g003){ref-type="fig"} shows that the physical separation is more less using the proposed ISPA scheme. The range of the necessary distance of both the A-MCL and proposed methods is roughly 29.6 to 148 km and 0.9 to 4.7 km for interferer power of 0 to 15 dBW and discrimination loss of 20 and 50 dB, in that order.

![The minimum distances required by the proposed ISPA, approximation and A-MCL methods at co-channel frequency.](pone.0136912.g003){#pone.0136912.g003}

As a result, the proposed scheme appears more positive especially when coping with higher interferer power. These results are unsurprising considering that the overlapping area between PSD of both FM and OFDM-based LTE-Advanced of the present model is less than that in the case of A-MCL method. Additionally, [Fig 3](#pone.0136912.g003){ref-type="fig"} shows that by using the proposed method, there is a linear increasing in interference power received by FM system; simultaneously this interference power is smaller when it is compared to the A-MCL and approximation approaches. Consequently, the proposed method can determine more exact interference power (more interference power loss level) that leads to more reducing in the required distance between the two systems, which in turn supports efficient use of the spectrum resource.

In spectrum sharing it is also significant to investigate coexistence feasibility at different adjacent frequencies or frequency shifts (Δ*f*) which undoubtedly have different effective power levels on coexistence situation.

The attenuation loss of interfering power at different spectral (Δ*f*) from the carrier frequency, which is created due to bandwidth overlapping between the LTE-Advanced's PSD and TV FM's PDF, can be obtained using [Eq (16)](#pone.0136912.e031){ref-type="disp-formula"}. In [Fig 4](#pone.0136912.g004){ref-type="fig"}, frequency values between Δ*f* = 0 MHz (co-channel frequency) and Δ*f* = 15 MHz and using interfering power of 13 dBW are employed to investigate the required physical distance between the two systems. It is shown, in [Fig 4](#pone.0136912.g004){ref-type="fig"}, that the ISPA loss for the proposed scheme looks like the positive side of spectrum emission mask with more restriction than both the A-MCL and approximate-ISPA methods in terms of interfering signal especially when Δ*f* has greater values than 5 MHz. Moreover, it is clearly seen in [Fig 4](#pone.0136912.g004){ref-type="fig"} that, because attenuation loss of power level is dramatically increased as the operation carrier goes away from the center frequency, the minimum distance is more reduced as Δ*f* becomes greater.

![The minimum separation distances versus different carrier offsets by the proposed ISPA, approximate ISPA, and the A-MCL methods.](pone.0136912.g004){#pone.0136912.g004}

As seen in [Fig 4](#pone.0136912.g004){ref-type="fig"}, the required distance obtained by the proposed method at co-channel (Δ*f =* 0 MHz) is 312 km whereas it equals 427 and 370 km for the A-MCL and the approximate methods, correspondingly. On the other hand, the necessary distance becomes smaller at adjacent frequencies, i.e. Δ*f* \> 0 MHz. For example, at Δ*f =* 8 MHz (it matches to a guard band of 0 MHz between the two systems) the minimum distance is 46, 60 and 84 km for the proposed method, approximate-method, and A-MCL method, respectively. Moreover, the separation distance becomes more less if a guard band is inserted between the two systems, for example, the distance reduces to be 2.03, 1.77 and 1.7 km when 8 MHz is added as a protection band between LTE-Advanced and FM TV systems for the A-MCL method, approximate-method and proposed method, in that order. From these results, we can see that the minimum distance is inversely proportional to the size of the protection band. These findings are predicted because the computed bandwidth overlapping ratio by the proposed scheme is smaller and more exact computed compared to other methods, which leads to a bigger isolation and eventually shorter separation distance.

Furthermore, in [Fig 4](#pone.0136912.g004){ref-type="fig"}, it can be seen that when offset is 9 MHz or higher, all these methods have very similar performance. In fact, the bandwidth overlapping factor has high effect when the carrier frequency of the interferer system is more close to the carrier frequency of the victim system (i.e., small frequency offset) and effect of this factor is higher when the offset is zero Hz. Whereas, when the carrier offset goes far away from the carrier frequency there is no overlapping, so we can see that all these methods have very similar performance at 9 MHz or more because bandwidth overlapping factor effect starts to be negligible at 9 MHz or higher, where every one of these methods has its technique to consider overlapping area when there is overlapping. However, when there is no overlapping or it is very small all methods have similar behavior.

In [Fig 5](#pone.0136912.g005){ref-type="fig"}, the proposed base station sectored antenna of LTE- Advanced in \[[@pone.0136912.ref028]\] is considered with an additional loss of 50 dB and different interference power, such that the separation distance is controlled by the angle of arrival of LTE-Advanced antenna pattern. It clearly shows that for an arrival angle *θ* = 0°, the antenna discrimination loss is 0 dB, so the results are pessimistic. Moreover, It should also be noted that the distance between OFDM-based LTE-Advanced base station and FM TV receiver is mitigated when a TV receiver is placed at angles greater than *θ* = 0°, because antenna radiation gradually moves toward its minimum gain values. However, at arrival angles of *θ* ≥ 92°, the distance becomes constant and shows minimum value, since the inter-system interference is reduced to its minimum powers.

![The minimum distances required due to different arrival angle of LTE-Advanced and different interference powers.](pone.0136912.g005){#pone.0136912.g005}

Conclusion {#sec006}
==========

In this paper, we have proposed a new interference signal power attenuation scheme for coexistence analysis between OFDM-based LTE-Advanced and FM broadcasting. A closed-form for interference power attenuation loss is derived and used to investigate coexistence feasibility at co-channel and various adjacent frequency scenarios. The proposed scheme has computed bandwidth overlapping ratio more exact than other methods and it shows positive and better behavior for large interference power. The proposed model is more beneficial for coexistence feasibility between OFDM-based LTE-Advanced and FM TV services. This model is valid to investigate coexistence situation for any system uses OFDM technology with FM TV system.

Appendix {#sec007}
========

The convergence issues are actually come from the closed form series in Eqs ([13](#pone.0136912.e028){ref-type="disp-formula"}), ([14](#pone.0136912.e029){ref-type="disp-formula"}) and ([15](#pone.0136912.e030){ref-type="disp-formula"}) due to summation from *k* = 1 to ∞ and the factorial function. To prove convergence of the closed form series we can use the Test Ratio method of the series in Eqs ([13](#pone.0136912.e028){ref-type="disp-formula"}), ([14](#pone.0136912.e029){ref-type="disp-formula"}) and ([15](#pone.0136912.e030){ref-type="disp-formula"}). This method states that for a given $\sum_{k = 1}^{\infty}Q_{k}$, if $\underset{}{\text{lim}_{k\rightarrow\infty}}\left| \frac{Q_{k + 1}}{Q_{k}} \right| = L < 1$, then the series is convergent, and if *L* \> 1, then the series is divergent. We will prove [Eq (13)](#pone.0136912.e028){ref-type="disp-formula"} as an example:

For the first term in the infinite series summation in [Eq (13)](#pone.0136912.e028){ref-type="disp-formula"}: $\underset{}{\overset{}{\sum_{k = 1}^{\infty}\frac{\left( {- 1} \right)^{k}\left\lbrack {\left( {2\pi\left( {h_{1} - i} \right)} \right)^{2k} - \left( {2\pi\left( {h_{2} - i} \right)} \right)^{2k}} \right\rbrack}{\left( {2k} \right)\left( {2k} \right)!}}}$ Let $Q_{k} = \frac{\left( {- 1} \right)^{k}\left\lbrack {\left( x_{1} \right)^{2k} - \left( x_{2} \right)^{2k}} \right\rbrack}{\left( {2k} \right)\left( {2k} \right)!}$, where *x*~1~ = 2*π*(*h*~1~ − 1), and *x*~2~ = 2*π*(*h*~2~ − 1). Then, the infinite series for the first term in in [Eq (13)](#pone.0136912.e028){ref-type="disp-formula"} is given as $\sum_{\text{k} = 1}^{\infty}{Q_{k}.}$
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Since -1\<$\frac{x_{2}}{x_{1}} = \frac{h_{2} - 1}{h_{1} - 1}$\<1, the $\left( \frac{x_{2}}{x_{1}} \right)^{2k} = 0$, then the above limit of the sequence is rewritten as $$\underset{k\rightarrow\infty}{\text{lim}}\left| \frac{Q_{k + 1}}{Q_{k}} \right| = \underset{k\rightarrow\infty}{\text{lim}}\left| \frac{\left( {2k} \right)x_{1}{}^{2}}{\left( {2k + 2} \right)^{2}\left( {2k + 1} \right)} \right|$$ $$\underset{k\rightarrow\infty}{\text{lim}}\left| \frac{Q_{k + 1}}{Q_{k}} \right| = \underset{k\rightarrow\infty}{\text{lim}}\left| \frac{\left( {2k} \right)x_{1}{}^{2}}{k^{3}\left( {8 + \frac{20}{k} + \frac{16}{k^{2}} + \frac{4}{k^{3}}} \right)} \right|$$ $$= 0 < 1.$$

Therefore, $\sum_{k = 1}^{\infty}Q_{k}$ is convergent.

For the third term in the infinite series summation in [Eq (13)](#pone.0136912.e028){ref-type="disp-formula"}: $\underset{}{\overset{}{\sum_{k = 1}^{\infty}\frac{\left( {- 1} \right)^{k - 1}\left\lbrack {\left( {2\pi\left( {h_{2} - i} \right)} \right)^{2k - 1} - \left( {2\pi\left( {h_{1} - i} \right)} \right)^{2k - 1}} \right\rbrack}{\left( {2k - 1} \right)\left( {2k - 1} \right)!}}}$ Let $Q_{k} = \frac{\left( {- 1} \right)^{k - 1}\left\lbrack {\left( x_{1} \right)^{2k - 1} - \left( y_{1} \right)^{2k - 1}} \right\rbrack}{\left( {2k - 1} \right)\left( {2k - 1} \right)!}$, where *x*~1~ = 2*π*(*h*~2~ − 1), *y*~1~ = 2*π*(*h*~1~ − 1). Then, the infinite series for the second term in [Eq (13)](#pone.0136912.e028){ref-type="disp-formula"} is given as $\sum_{k = 1}^{\infty}Q_{k}$ $$\underset{k\rightarrow\infty}{\text{lim}}\left| \frac{Q_{k + 1}}{Q_{k}} \right| = \underset{k\rightarrow\infty}{\text{lim}}\left| \frac{\left( {2k - 1} \right)\left( {2k - 1} \right)!\left( {x_{1}{}^{2k + 1} - y_{1}{}^{2k + 1}} \right)}{\left( {2k + 1} \right)\left( {2k + 1} \right)!\left( {x_{1}{}^{2k - 1} - y_{1}{}^{2k - 1}} \right)} \right|$$ $$= \underset{k\rightarrow\infty}{\text{lim}}\left| {\frac{\left( {2k - 1} \right)}{2k\left( {2k + 1} \right)^{2}}~\frac{\left( {x_{1}{}^{2} - \left( \frac{y_{1}}{x_{1}} \right)^{2k - 1}y_{1}{}^{2}} \right)}{1 - \left( \frac{y_{1}}{x_{1}} \right)^{2k - 1}}} \right|.$$

Since -1\<$\frac{y_{1}}{x_{1}} = \frac{h_{1} - 1}{h_{2} - 1}$\<1, the $\left( \frac{y_{1}}{x_{1}} \right)^{2k - 1} = 0$, and then the above limit of the sequence is rewritten as $$\underset{k\rightarrow\infty}{\text{lim}}\left| \frac{Q_{k + 1}}{Q_{k}} \right| = \underset{k\rightarrow\infty}{\text{lim}}\left| \frac{\left( {2k - 1} \right)x_{1}{}^{2}}{2k\left( {2k + 1} \right)^{2}} \right|$$ $$\underset{k\rightarrow\infty}{\text{lim}}\left| \frac{Q_{k + 1}}{Q_{k}} \right| = \underset{k\rightarrow\infty}{\text{lim}}\left| \frac{k\left( {2 - \frac{1}{k}} \right)x_{1}{}^{2}}{2k^{3}\left( {4 + \frac{4}{k} + \frac{1}{k^{2}}} \right)} \right|$$ $$\underset{k\rightarrow\infty}{\text{lim}}\left| \frac{Q_{k + 1}}{Q_{k}} \right| = \underset{k\rightarrow\infty}{\text{lim}}\left| \frac{\left( {2 - \frac{1}{k}} \right)x_{1}{}^{2}}{2k^{2}\left( {4 + \frac{4}{k} + \frac{1}{k^{2}}} \right)} \right|$$ $$= 0 < 1.$$

Therefore $\sum_{k = 1}^{\infty}Q_{k}$ is convergent.
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